SU M M A R Y
The effects of the flooding-resistant plant species Rumex palustris and the non-flooding-re sistant plant species Rumex acetosa on nitrification were compared. The plants were grown un der drained and waterlogged conditions on a mixture of calcareous riversand and sieved grass land soil with a high potential nitrifying activity.
In the shoots of R. acetosa, but not in those of R. nalustris, the ratio between the amounts of accu mulated carboxylates and organic nitrogen, ( C -A ) /N org), appeared to be a useful indicator of ammonium or nitrate consumption by the plant, n both plant species, the inorganic nitrogen source had no observed effect on the ( C -A ) / N org ratio in the roots.
The growth of R. acetosa, but not that of R.
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palustris, was inhibited by waterlogging of the soil. Both the activity and the growth of the ammonium-oxidizing bacteria were repressed un der drained and waterlogged conditions in soils with R. palustris, a condition that was attributed to a competitive ammonium uptake by its rela tively fast growing roots. In the presence of R. acetosa, the activity and growth of the am m o nium-oxidizing bacteria were inhibited under wa terlogged, but not under drained, conditions. The growth and activity of nitrite-oxidizing bacteria in the absence of actively ammonium-oxidizing, nitrite-producing bacteria was likely due to organ otrophic growth.
IN T R O D U C T IO N
In soils rich in organic material anaerobic con ditions are established by a decreased oxygen diffusion, as a result of waterlogging, in combina tion with oxygen consumption by plant roots and soil organisms [1] . U nder anoxic circumstances the formation of new aerenchymatous roots is beneficial to the survival of plants rooting in overwet soils [2] [3] [4] [5] . Oxygen leakage by aerenchy matous roots could maintain oxidized conditions in the rhizosphere [6 ] , thus enabling the continua tion of oxygen-dependent processes such as the oxidation of ammonium to nitrate by chemolithotrophic nitrifying bacteria. The process of nitrifi cation consists of two separate steps performed by different bacterial species [7] . In the absence of aerenchymatous roots, nitrification in anoxic, waterlogged soils stops [8 ] because of the oxygen dependency of the ammonium-oxidizing enzyme, ammonium mono-oxygenase. The continuation of nitrate production in the rhisosphere of aerenchymatous roots could possibly be benefi cial, since most plants, especially calcicole species, prefer nitrate or a mixture of nitrate and am m o nium as a mineral nitrogen source [9] .
The relationship between plants and nitrifying bacteria in their rhizosphere has been investi gated in both drained [1 0 ,1 1 ] and waterlogged soils [11] [12] [13] . The results of Blacquiere [11] indi cate that there is a possible stimulation of nitrifi cation in wet soils by some fen species containing aerenchyma in their roots. On the other hand, the presence of a large amount of root biomass might lead to a higher degree of competition for the available N H J between plant roots, heterotrophic microorganisms being stimulated by root exudates [14] and nitrifiers, resulting in an inhibition of the nitrification (Verhagen, F.S.M., Hageman, P.E.J. and Laanbroek, H.J., in prepa ration.).
The aim of this study was to compare the effects of a flooding-resistant plant species and a flooding-non-resistant species on nitrification in drained and waterlogged soils. The study forms part of a project investigating the effects of tran sient floods on the distribution, population biol ogy and physiological processes of some herba ceous species and the microbial processes in their rhizosphere [16] [17] [18] [19] [20] . Two species, Rumex palus tris, a flooding-resistant species, and Rumex acetosa, a flooding-non-resistant species [17, 21] , were grown in pots under drained and waterlogged conditions. Plant dry weight, chemical composi tion of the plants, mineral nitrogen concentra tions in the soil, potential ammonium and nitrite oxidation rates, and most probable numbers of chcmolithotrophic nitrifying bacteria were deter mined.
According to Troelstra [22] the amount of ac cumulated carboxylates (as the total of accumulated cations minus the total of accumulated an ions, C -A ) divided by the organic nitrogen con tent (N ) is an indicator of ammonium or ni trate uptake by the plant. Consequently, the chemical composition of the plant (according to Troelstra) as an instrument by which to estimate its ammonium-nitrate uptake ratio, as well as the nitrifying capacity of the soil used, were tested in two of the experiments.
M A TER IA LS A N D M ET H O D S
Three separate sets of experiments with the following goals were performed: ( 1 ) to test the nitrifying capability of the soil mixture used; (2 ) to validate the use of the C -A / N org index of Rumex acetosa and Rumex palustris as an indica tor of their nitrate consumption; (3) to investigate the effects of plants on nitrification in drained or waterlogged soils.
Soil used
A mixture of air-dried, calcareous riversand (p H (H 2 0 ) = 7.7) low in organic matter content from Rhine flood plains (Bemmel) and the upper 5 cm of an extensively used calcareous, sandy grassland soil (p H (H : 0 ) = 7.6) from the fore lands of the river IJssel (Brummen), both sieved (mesh size 2 mm), was applied in all of the experiments. Fresh grassland soil was used as an inoculum of nitrifying bacteria. 
Growth conditions
All experiments were performed using light proof plastic pots (550 ml) that were randomly placed in Heraeus-Votsch HPS-1500 growthchambers. A day period of 16 h with a photosyn thetic photon flux density of 190-210 /jlE s ' til"2 and a tem perature of 25 °C was maintained. During the night the temperature was lowered to 15 °C. The relative humidity was kept at 65% during both the day and night. Achenes of R. pcdustris and R. acetosa were collected at Kekerdomse waard, a river foreland near Nijmegen (The Netherlands). They germinated (tem pera ture 1 5°/2 5°C night/day) on moist filter paper in Petri dishes after removal of the perianth.
Nitrifying capacity o f the soil mixture
Twelve pots were filled with the soil mixture (500 g dry weight). Throughout the experiment the pots were supplied with a modified Hoagland solution. Nitrogen was added in the form of N H 4 instead of as a mixture of N H 4 and NCK . The cation surplus was compensated for by S 0 4 : rather than Cl~, as the latter anion may inhibit nitrification when present in larger quantities [23] . Fhe nutrient solution was added exponentially until week 7. From that time on the maximal weekly dose was given, which amounted per pot lo: 2.24 mmol N H 4 , 0.28 mmol H : P 0 4 _ , 0.84 mmol K", 0.14 mmol M g2+, and 1.12 mmol S 0 4 : _ . After 4 weeks 4 pots were analysed for soil min eral nitrogen concentrations. Of the remaining 8 pots, 4 were waterlogged with demineralised, autoclaved water. In week 6 and 12, 2 drained and 2 waterlogged pots were analysed. Soil extracts were prepared by shaking 25 ml of a 1 M KC1 solution and 5 g fresh soil for 2 h. N H 4 , N O : and N O^ were measured colorimetrically as described by Keeney and Nelson [24] using a Technicon Traacs 800 autoanalyser (Technicon, U.S.A.).
t4. Chemical composition o f plants supplied with different N form s
Thirty pots with 500 g (dry weight) soil mixture each were divided into three groups according to their source of N: 4.2 mmol N was added to each pot either as (N H 4)2S 0 4, N H 4N 0 3, or N a N 0 3.
In addition, 0.85 mmol K H 2P 0 4, 0.64 mmol K : S 0 4, 0.36 mmol M g S 0 4 * 7 H : 0 , 9.0 ¿¿mol F e 3 + as FeE D D H A , and 5 mg N-serve (2-chloro-6-trichloromethyl-pyridine), a nitrification inhibitor, [25] were supplied once to every pot. Control pots without plants have shown N-serve to be a good nitrification inhibitor throughout the experiment.
In each of the 10 pots in each group one R. acetosa seedling or one R. palustris seedling was planted, each seedling having two fully-developed leaves. After 7 weeks the plants were harvested and analysed for their chemical composition ac cording to Troelstra [22] . Carboxylate pools, m ea sured as accumulated cations minus accumulated anions, and organic nitrogen concentrations were determined, and C -A / N org ratios were calcu lated for roots and shoots separately. N H | and NO-^ concentrations of the soil were determined as in the previous experiment.
Nitrification in the rhizosphere o f a floodingresistant and a flooding-non-resistant plant species
One seedling of either R. acetosa (February 1988) or R. palustris (August 1988) having two fully developed leaves was planted in each of 80 pots containing 480 g (dry weight) of the soil mixture. Ten pots of each species were randomly selected for harvesting after 3 weeks. One-half of the remaining pots were then waterlogged. D ur ing the experiment the nutrient supply was analo gous to the first experiment. After 5, 7, and 9 weeks, 5 drained and 5 waterlogged pots were randomly selected and sampled for both species. The following analyses were performed:
Dry weight o f plant and soil. Roots, shoots
and soil were separated. The roots were first washed in demineralised water. The shoots, roots, and 10 g of homogenized moist soil were dried separately for 48 h at 70 °C.
Chemical analysis o f the plants. The chemical composition of the plants was deter
mined according to Troelstra [22] for R. palustris at all harvests and for R. acetosa only after 9 weeks, since it had not produced enough biomass at previous harvests.
Soil mineral nitrogen This analysis was
completely analogous to the method described in the experiments mentioned above. 
Enumeration o f the nitrifiers.
Nitrifying bacteria in the soil were enum erated using the Most Probable Number (MPN) technique accord ing to De Boer et al. [27] with some modifica tions. The medium contained per litre: 500 mg NaCl, 40 mg M g S 0 4 • 7 H .O , 15 mg C aC l2, 19 mg K H 2P 0 4, 104 mg K 2H1P04, 1 ml S U 0 trace element solution [28] lacking Se, and 330 mg ( N H J ) 2S 0 4 or 69 mg N aN O : . The P-buffer was autoclaved separately. The pH was adjusted with N aO H before autoclaving. Addition of the buffer to the medium after sterilization resulted in a pH for the ammonium and nitrite media of 7.2-7.5 and 7.5-7.9, respectively. Nitrifiers were counted after 3 months of incubation at 20 °C [29] .
Statistical analyses
Differences between drained and waterlogged pots and the differences between sampling times within one treatment and species were analysed by means of the Wilcoxon two-sample test [30] performed with the STATISTIX statistical pack age for microcomputers. (NH Analytical Soft ware, St. Paul, MN).
RESULTS

Nitrifying capacity o f the soil mixture
The results presented in Table 1 indicate a rapid turnover of ammonium into nitrate in the drained soil mixture that did not contain plants. Table 1 Mean ammonium and nitrate concentrations (¿¿mol g 1 dry soil) in the soil mixture after varying periods of incubation. In contrast, ammonium was the dominant nitro gen form in the waterlogged pots. In the period between weeks 4 and 12, a total of 24.9 ¿¿mol N H 4 per g dry soil was added. In the case of the drained pots, the increase in soil mineral nitrogen accounted for 40% of the added N; for the water logged pots this was only 3%.
Chemical composition o f plants supplied with different N form s
The mineral nitrogen recoveries, as presented in Table 2 , show that the total pool of soil min eral nitrogen in pots with R. palustris was very low in all treatments. Conversely, mineral nitro gen was still abundant in soils with R. acetosa.
The results of the analyses of plant nutrient status are presented in Table 3 . There was no difference in C -A / N org in the roots of both species when different forms of nitrogen were applied. Conversely, the shoots of both species showed a higher C -A / N org ratio when nitrate was present in the soil than when there was only ammonium available. For this reason only the ratios of the shoots will be presented in the following experiment. 
Chemical composition o f the shoots.
With respect to R. palustris, there were no differences n the C -A / N org ratio between plants undergo ing the same treatment but sampled at different imes nor between waterlogged and drained plants ampled at the same time. The C -A / N oru ratio ranged from 0.88 to 0.95 and from 0.87 to 0.93, or drained and waterlogged situations, respecively. In week 9, R. acetosa showed a lower -A / N org ratio (0.67) for plants grown under waterlogged conditions than for plants grown un der drained conditions (0.93-1.14).
Soil mineral nitrogen.
In the waterlogged and drained soils that contained R. acetosa plants there was an accumulation of N H 4 and N O f , respectively (Table 4) , up to 9 weeks after the seedlings had been potted. After 9 weeks the amount of NOT in the drained soils decreased. Although there were some significant differences between the N H 4 and N O r content of the wa terlogged and drained soils containing R. palus tris plants, these are of no importance because of the negligible amounts of nitrogen present. With respect to pots containing R. acetosa the number of soils with NO-T present was relatively high under waterlogged conditions. Fig. 2 , both the potential ammonium-oxidizing and the potential nitrite-oxidizing activity of soils with R. acetosa increased in drained soils until week 7; they then decreased (ammonium-oxidizing) or remained constant (nitrite-oxidizing). Po tential ammonium-oxidizing activity in the water- logged equivalents decreased after week 7, result ing in significantly lower potential activities. The potential nitrite-oxidizing activity in waterlogged soils with R. acetosa showed an initial increase, followed by a decline after week 9, resulting in a significantly higher and lower activity at week 5 and 9, respectively. The potential ammoniumoxidizing activity in both drained and waterlogged soils with R. palustris showed a decline immedi ately after treatment and then remained fairly constant. Because of the smaller decline in the drained soils, they showed a significantly higher potential activity than the waterlogged soils throughout the experim ent. T he potential nitrite-oxidizing activity in both drained and wa terlogged soils with R. palustris showed a similar increase throughout the experiment.
Potential nitrifying activities. As shown in
Numbers o f nitrifying bacteria. As shown
by the Most Probable Numbers (MPNs) of nitrify ing bacteria (Fig. 3 ), the MPN of N H 4 -and NO-T -oxidizing bacteria in drained soils with R. acetosa increased in week 7. The waterlogged counterparts showed an increase in the number of NF1J -oxidizing bacteria in week 5 and a de- cline after week 5. Thus, at week 5 there is a significantly higher probable number of N H Joxidizers and after week 5, a significantly lower number, than found at these times in the drained soil. The MPN of N O J -oxidizing bacteria in wa terlogged soils with R. acetosa showed only a small increase after weeks 7 and 9, resulting in a significantly lower number than found at these times in the drained soils. In contrast to this there was no increase in the nitrifying population in either waterlogged or in drained soils with R. palustris. The difference in population sizes of the nitrifiers at the start of the experiments with either R. acetosa or R. palustris was probably due to the fact that soil was col lected in February and July for the experiments with R. acetosa and R. palustris, respectively. The numbers of nitrifying bacteria in the field fluctu ate throughout the year [29] .
DISCUSSION
The soil mixture used had a nitrifying potential high enough to show high nitrification rates un der drained conditions. Waterlogging in the ab sence of plants had an inhibitory effect on nitrifi cation (Table 1) . Mineral nitrogen losses may partially be due to immobilisation in biomass of microorganisms and algae (the latter one particu larly in the waterlayer of the waterlogged pots), or they may result from nitrate reduction in both drained and waterlogged soils, yielding gaseous nitrogen compounds. In the case of the water logged pots the nitrate, necessary for this process, can be formed in the soil-water boundary, and may be reduced again after diffusion into the anoxic soil.
In contrast to the observations of Troelstra [22] and our results for R. acetosa, R. palustris did not show an increasing C -A / N or ratio when the portion of nitrate in the nutrition solution was increased, although ratios were higher when ni trate was supplied to the soil. In addition, all of the ratios for R. palustris were greater than 1, in contradiction to Troelstra's theory [22] which states that only the ratios of plants supplied with nitrate can exceed 1. This condition was probably caused by a nitrogen deficiency. As shown in Table 2 , the mineral nitrogen concentration in soils with R. palustris was very low by the end of the experiment; in soils with R. acetosa, however, mineral nitrogen was still available. Table 3 are probably due to the lower total amount of nitrogen given to the plants of which the results are presented in Table  3 , resulting in an even greater nitrogen defi ciency. The conclusion that the ( C -A ) /N ratio org.
can be considered to be a measure of ammonium or nitrate uptake by the plant seems to be justi fied only for shoots of R. acetosa.
Nitrification was inhibited in waterlogged soils with R. acetosa as well as in both drained and waterlogged soils with R. palustris. In soils with R. palustris, waterlogging was not the most likely 40 cause of this inhibition. This conclusion is sup ported by the fact that the activity and size of the ammonium-oxidizing population decreased under both waterlogged and drained conditions (Figs. 2,   3 ). Furthermore, with R. palustris the amount of nitrogen was limited in the soil under both condi tions, whereas in pots with R. acetosa nitrogen was still available in both treatments, and N H 4 f became the predominant mineral nitrogen form in the waterlogged soils (Table 4) . At the same time, the C -A / N ratio of the shoots of R. acetosa in waterlogged soils decreased consider ably, indicating that there was a shift from N O f uptake to N H j uptake by the plants. This obser vation combined with the fact that for R. acetosa nitrification inhibition only occurred in water logged soils makes it plausible to conclude that in these pots nitrification inhibition is caused by anoxia rather than by an ammonium deficiency. This conclusion is strengthened by the finding of nitrite in the waterlogged pots, since nitrite is a nitrogen compound that is known to accumulate in soils under anoxic conditions [31] . In contrast, ammonium deficiency is more likely to be the cause of nitrification inhibition in pots with R. palustris. The difference between R. palustris and R. acetosa is the consequence of a higher biomass production of R. palustris (Fig. 1) . A negative correlation was found between the root biomass of R. palustris and potential ammonium oxidation activity, both under drained and waterlogged con ditions. The correlation equations are y = -1.71 log j c + 15.73, r = -0.47, (Z><0.02) and y = -3 .1 2 log x + 11.74, r = -0 .5 9 , (P < 0.005), respectively; y being potential ammonium oxida tion activity and x being root biomass. This nega tive influence may be directly due to the plant: ammonium uptake or oxygen consumption by root respiration. However, root respiration seems to be an unlikelv cause for the inhibition because R. palustris is known to show a net oxygen diffusion from its roots to the soil under waterlogged con ditions [32] .
The negative effects of plant roots on the potential ammonium-oxidizing activities might also be caused indirectly by introducing organic carbon as soluble root exudates into the soil, thus promoting the growth of chemo-organotrophic microorganisms [14] . Ammonium oxidizers have been shown to be weaker competitors for am m o nium than o rg an o tro p h ic m icroorganism s (Verhagen, F.J.M. and Laanbroek, H.J., in prepa ration; Verhagen, F.J.M., Duyts, H. and Laan broek, H.J., in preparation) and the roots of higher plants when N is limited. No growth inhi bition of the plant biomass seemed to occur in the first part of the experiment (Fig. 1) , where an inhibition of ammonium oxidation had already taken place. Therefore, wc consider R. palustris to be a better competitor for limiting amounts of ammonium than the ammonium-oxidizing popu lations. A correlation between the root biomass of R. acetosa and potential ammonium-oxidizing activity was not found. This excludes influences on nitrification by the plant under drained or waterlogged conditions.
In contrast to the ammonium oxidizers, the potential nitrite-oxidizing activity was stimulated after waterlogging of soils with R. palustris (Fig.   2 ). This uncoupling of the ammonium and nitrite oxidation can be explained by several m echa nisms [35] . In our case, an aerobic or anaerobic organotrophic metabolism of Nitrobacter strains seems to be the most likely one. In contrast to the ammonium-oxidizing species, some species of the genus Nitrobacter are also able to grow organotrophically. Some species of this genus can even grow anaerobically by nitrate reduction. The sup ply of carbon by plant roots is supported by a positive correlation of the potential nitrite oxida tion rate with root biomass of R. palustris under drained and waterlogged conditions. The correla tion equations are y = 2.22 x + 16.56, r = 0.90, ( P < 0.0001) and y = 3.15 x + 14.69, r = 0.86, (P <0.0001) respectively; y being potential nitrite oxidation and a* being root biomass.
The MPNs of nitrite-oxidizing bacteria fluctu ated considerably (Fig. 3) and did not correlate with the potential oxidation activity; neither did the MPNs and potential oxidation rates of the ammonium oxidizers. Numbers of bacteria on the one hand and their activity on the other hand are apparently two separate parameters of a popula tion that are influenced in different ways by the environment or experimental conditions, and therefore do not necessarily correlate [33] .
In conclusion, it appears that any possible, positive effect of radial oxygen loss by R. palustris on nitrification in waterlogged soils was overshad owed by the N deficiency of the soil. Therefore, timulation of nitrification in waterlogged soils by plants with aerenchymatous roots can only be xpected when sufficient NH^j is present. In the se of R. acetosa, nitrogen did not become limit ing, but nitrification was inhibited by waterlog ging.
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